Measurement of steady-state rates of unwinding of double-stranded oligonucleotides by helicases is hampered due to rapid reannealing of the singlestranded DNA products. Including an oligonucleotide in the reaction mixture which can hybridize with one of the single strands can prevent reannealing. However, helicases bind to single-stranded DNA, therefore the additional oligonucleotide can sequester the enzyme, leading to slower observed rates for unwinding. To circumvent this problem, the oligonucleotide that serves as a trap was replaced with a strand of peptide nucleic acid (PNA). Fluorescence polarization was used to determine that a 15mer PNA strand does not bind to the bacteriophage T4 Dda helicase. Steady-state kinetic parameters of unwinding catalyzed by Dda were determined by using PNA as a trapping strand. The substrate consisted of a partial duplex with 15 nt of singlestranded DNA and 15 bp. In the presence of 250 nM substrate and 1 nM Dda, the rate of unwinding in the presence of the DNA trapping strand was 0.30 nM s -1 whereas the rate was 1.34 nM s -1 in the presence of the PNA trapping strand. PNA prevents reannealing of single-stranded DNA products, but does not sequester the helicase. This assay will prove useful in defining the complete kinetic mechanism for unwinding of oligonucleotide substrates by this helicase.
INTRODUCTION
DNA helicases are ubiquitous enzymes that use the energy from ATP hydrolysis to unwind double-stranded (ds) DNA (1) (2) (3) . These enzymes play a vital role in DNA metabolism by providing single-stranded (ss) DNA during replication, recombination and repair. Defects in DNA helicases have been implicated in human genetic disorders such as Werner syndrome, Bloom Syndrome and Xeroderma pigmentosum (4) . The kinetic mechanism for ATP coupled DNA unwinding has not been clearly elucidated for any member of this important class of enzymes, although progress has been made towards this goal in some systems (5) (6) (7) (8) (9) .
The standard helicase assay utilizes a partially ds oligonucleotide substrate that is radiolabeled on one of the strands. Native polyacrylamide gel electrophoresis is used to resolve the ssDNA reaction products from duplex substrates. The ss products generated by a helicase can spontaneously hybridize to reform the substrate. The observed rate for hybridization is dependent on the concentration of ssDNA; therefore, unwinding rates can be determined under conditions in which the substrate concentration is held relatively low. For example, successful experiments have been performed in which the helicase concentration was in excess of substrate concentration when substrate was kept in the low nanomolar range (5, (10) (11) (12) (13) . The rate of hybridization of products is slow under these conditions, and does not influence the rate of unwinding. However, the available biochemical assays are inadequate for the collection of data under steady-state conditions, due to the reannealing problem inherent to the unwinding assay (1) . In the steady state, the substrate concentration exceeds that of the enzyme, therefore the rate of reannealing of the products can have a significant bearing on the observed rate of product formation (14) . A 'trapping strand' can be included in the reaction mixture to prevent reannealing of ssDNA products. The trapping strand must be complementary to one of the ssDNA products, and must be added in excess of the substrate concentration. However, the presence of the trapping strand contributes an additional complication for measuring reaction velocities due to binding of the enzyme by the ssDNA trap. Hence, measurement of helicase-catalyzed DNA unwinding under steady-state conditions using oligonucleotide substrates has not been straightforward.
Peptide nucleic acid (PNA) is a polymer that has a neutral, pseudo-peptide backbone. It is made up of the normal purine and pyrimidine bases linked together via a N-(2-aminoethyl) glycine backbone. PNA readily hybridizes with DNA and RNA according to Watson-Crick base pairing rules (15) . Due to its hybridization properties, PNA has been used as an antisense agent (16) and for the study of enzymes that manipulate nucleic acid, such as RNA polymerases (17) , helicases (13, 18, 19) and DNA polymerases (20) . PNA-DNA hybrids were reported to inhibit NS3, an RNA helicase from hepatitis C virus (19) and UL9, a DNA helicase from herpes simplex virus (18) . However, the bacteriophage T4 Dda helicase was found to unwind DNA-PNA hybrids at similar rates as DNA-DNA hybrids (13) . Here, we report a new application for PNA as a trapping strand to prevent reannealing of the products of helicase-catalyzed unwinding. Dda helicase is reportedly involved in early events in bacteriophage T4 replication (21) and is known to bind to other T4 proteins such as the recombinase, uvsX and the ssDNA binding protein, gp32 (22) . Dda is a 5′→3′ helicase and a member of helicase superfamily I. Recent evidence suggests that it can function as a monomer during DNA unwinding (23) . Apparent steady-state kinetic constants for unwinding by Dda were determined using PNA as a trap for ssDNA products. These methods will be useful for defining the complete kinetic mechanism for DNA unwinding catalyzed by Dda.
MATERIALS AND METHODS

Materials
PEP and PK/LDH were purchased from Sigma. HEPES, ATP and acrylamide were from Fisher. [γ-32 P]ATP was purchased from PerkinElmer Life Sciences. T4 polynucleotide kinase was purchased from New England Biolabs. Oligonucleotides were purchased from Operon Technologies. Oligonucleotides were purified by preparative polyacrylamide gel electrophoresis and 5′-radiolabeled (13) . PNA was prepared, purified by reverse-phase HPLC and characterized as described (24) . Fluorescein labeling of PNA was performed on the resin by adding 5-(and 6-)carboxyfluorescein succinimidyl ester (Molecular Probes) at a ratio of 3 mg/µmol PNA in 30:1 DMF and DIPEA, respectively. PNA was heated to 65°C for 10 min prior to use. Dda helicase was over-expressed and purified as described (25, 26) .
Fluorescence polarization assay
Interaction between Dda and fluorescein-labeled 15mer DNA (F-DNA), fluorescein-labeled 15mer PNA (F-PNA) and bluntend duplex F-DNA:PNA was followed by fluorescence polarization. Binding buffer consisted of 25 mM HEPES (pH 7.5), 2 mM β-mercaptoethanol, 0.1 mg/ml BSA, 0.1 mM EDTA (pH 8.0) and 10 mM KOAc. A series of 1 ml samples with either 0.1 nM F-DNA, F-PNA or F-DNA:PNA in binding buffer were incubated for 10 min at 25°C with Dda. The change in polarization (mP) was measured using a Beacon Fluorescence Polarization System (PanVera). The change in polarization was fit to a hyperbola to determine K d values.
Helicase substrate and trapping strands
The sequence of the 30:15mer substrate used for unwinding assays with Dda was as follows: 5′-CTGACTGCGATCCGA-CTGTCCTGCATGATG-3′; 3′-GACAGGACGTACTAC-5′. A solution of gel-purified 30mer DNA (10 nmol) and gel-purified 15mer DNA complement (15 nmol) was prepared in 10 mM HEPES (pH 7.5) and 1 mM EDTA. The 15mer was added in 1.5-fold excess to ensure the formation of the 30:15mer, which can be separated readily from the free 15mer by PAGE. The mixture of 30:15mer was heated to 95°C for 10 min using a heat block and allowed to slow cool to room temperature by turning off the power to the heat block. The 30:15mer was separated from the free 15mer by non-denaturing PAGE (Hoefer Vertical Slab Gel Unit). The purified 30:15mer was excised from the preparative slab gel after identification by UV shadowing. The purified 30:15mer was electroeluted from the gel slice (ELUTRAP), desalted on a SepPak C 18 cartridge (Waters) and lyophilized (Savant SpeedVac) (13) . The 30:15mer was suspended in 100 µl of 10 mM HEPES (pH 7.5)/ 1 mM EDTA, and quantified by A 260 using calculated extinction coefficients (13) . To generate end-labeled, partial dsDNA substrate (30:15mer), 10 pmol of 5′-radiolabeled 30mer was added to 10 pmol of the 15mer. The radiolabeled DNA was used to spike the unlabeled 30:15mer stock solution. The mixture of labeled and unlabeled oligonucleotides was annealed by heating to 95°C for 10 min, then slow cooling.
The sequences of 15mer trapping strands used in the unwinding assay were as follows: 5′-CTGTCCTGCAT-GATG-3′ (DNA) and NH 2 -gly-CTGTCCTGCATGATG-lys (PNA).
Hybridization of DNA and PNA measured by stopped-flow absorbance
The hybridization rate of the 15mer PNA trapping strand with a complementary 15mer DNA strand was measured using an SX.18MV stopped-flow reaction analyzer (Applied Photophysics). PNA and DNA were dissolved in 25 mM HEPES (pH 7.5) with 5 mM Mg(OAc) 2 and loaded into the two syringes of the instrument. After rapid mixing, the reaction was observed by measuring the reduction in absorbance at 260 nm at 25°C. Rates were measured at several concentrations of PNA (4, 5, 7.5, 10 and 12.5 µM) and a fixed concentration of 15mer DNA (0.5 µM). The data were fit to a single exponential and the resulting observed rates were plotted as a function of PNA concentration to obtain the second-order rate constant for hybridization. For comparison, hybridization of the DNA strand of identical sequence to the 15mer PNA was investigated under the same conditions.
DNA unwinding assays
The unwinding assays were performed at 25°C in reaction buffer which had a final concentration of 25 mM HEPES (pH 7.5), 2 mM β-mercaptoethanol, 0.1 mg/ml BSA, 10 U/ml phosphoenolpyruvate kinase, 15.4 U/ml lactate dehydrogenase, 0.1 mM EDTA (pH 8.0), 4 mM PEP (pH 7.5) and 10 mM KOAc unless stated otherwise. Dda was diluted into 25 mM HEPES (pH 7.5), 50 mM NaCl, 2 mM β-mercaptoethanol, 1 mM EDTA, 20% glycerol and 0.1 mg/ml BSA prior to conducting experiments. Dda (1 nM final concentration) was incubated with varying concentrations of substrate (30:15mer) in the reaction buffer for 2 min at 25°C. The reaction was initiated by addition of an equal volume of reaction buffer containing a final concentration of 5 mM Mg(OAc) 2 , 5 mM ATP and varying concentrations of trapping strand. Aliquots were withdrawn at varying times and added to an equal volume of quencher (200 mM EDTA). Non-denaturing gel loading buffer (0.1% bromophenol blue, 0.1% xylene cyanol in 6% glycerol) was added to each sample and reaction products were separated on a 20% native polyacrylamide gel. Radioactivity in ssDNA and dsDNA was determined by using a PhosphorImager and ImageQuant software (Molecular Dynamics). The quantity of radioactivity of substrates and products was used to determine the quantity of ssDNA as described (27) . Under conditions in which the substrate concentration was low (0.01-0.05 µM) the unwinding assays were performed at 25°C using a Kintek rapid chemical quench flow instrument (Kintek, Inc., Austin, TX) as described (13) . In these experiments, the trapping strand was introduced along with the ATP and Mg(OAc) 2 , and the reaction was quenched with 200 mM EDTA. For experiments in which the concentration of ATP was varied, the unwinding assays were carried out with 500 nM 30:15mer substrate in reaction buffer with 10 mM KOAc. Apparent kinetic constants K m and V max were determined by fitting the data to the Michaelis-Menten equation using the program KaleidaGraph.
RESULTS AND DISCUSSION
Rationale
Towards the goal of understanding the mechanism of the Dda helicase, the steady-state kinetic parameters for DNA unwinding were examined. Helicase-catalyzed unwinding of oligonucleotide substrates produces ssDNA that can spontaneously hybridize to reform the substrate (Fig. 1A) . During the reaction, formation of product due to helicase activity equilibrates with the formation of substrate due to hybridization, making steady-state parameters for the unwinding reaction difficult to determine (1, 14) . The annealing reaction can be prevented by including an oligonucleotide trapping strand in the reaction which can bind one of the ssDNA products. However, the trapping strand can also sequester the helicase and slow the observed steady-state unwinding rates. We sought to develop a method in which hybridization of ssDNA products could be prevented, while not sequestering the helicase. A DNA mimic, PNA, was chosen for this purpose. PNA is able to bind to DNA via Watson-Crick base pairing interactions, but does not contain a deoxyribose-phosphate backbone, which has been shown to be important for helicase-DNA interactions (Fig. 1B) . We have shown that PNA serves as an efficient trap for unwinding reactions by annealing to ssDNA products without binding to Dda.
Dda does not bind to the PNA trapping strand
To determine if Dda would be sequestered by the PNA trapping strand, fluorescence polarization was used to look for binding. Fluorescence polarization has previously been used to study the interaction of Dda with a 30:15mer partial DNA duplex (23) as well as to study the interaction of the hepatitis C virus helicase, NS3, with a 30:15mer partial DNA duplex and 30:15mer partial DNA-PNA duplex (19) . Dda bound to 0.1 nM F-DNA with a K d value of 0.52 ± 0.05 nM (Fig. 2) . Under identical conditions, no increase in fluorescence polarization was observed with F-PNA, indicating that Dda does not bind tightly to PNA (Fig. 2) . This suggests that the PNA trap should not sequester Dda in an unwinding assay as does a ssDNA trap. When used as a trapping strand, the 15mer PNA is expected to hybridize to a 15mer ssDNA, which forms due to unwinding of the 30:15mer substrate (Fig. 1A) . In order to determine whether the PNA-DNA hybrid will bind to the helicase, F-DNA was hybridized to the 15mer PNA and was titrated with Dda. No increase in fluorescence polarization was observed up to 100 nM enzyme, indicating that Dda does not interact strongly with the blunt-end F-DNA:PNA (Fig. 2) . Thus, neither PNA nor the DNA:PNA hybrid would be expected to sequester Dda during unwinding.
PNA hybridization with DNA
The rate of hybridization of PNA to the complementary DNA sequence was determined by using stopped-flow absorbance spectroscopy. PNA was rapidly mixed with a complementary DNA, and the change in absorbance at 260 nm was measured (Fig. 3) . The observed rate of annealing under psuedo firstorder conditions was measured at several concentrations of PNA, and the rates were plotted as a function of PNA concentration to obtain the second-order rate constant for hybridization (Fig. 3C) . PNA was found to hybridize to the DNA at a rate of 8.6 × 10 5 M -1 s -1 whereas a 15mer DNA of identical sequence hybridized to the complementary DNA with a rate of 1.95 × 10 6 M -1 s -1 . Thus, the rate of hybridization of the 15mer PNA was similar to that of a 15mer DNA. The hybridization results suggest that the concentration of PNA trapping strand should be >20-fold in excess of the concentration of ssDNA product in order to trap 90% or more of the product.
PNA functions as a trapping strand in helicase-catalyzed unwinding of 30:15mer
In order to assess the utility of PNA as a trapping strand in helicase-catalyzed unwinding of oligonucleotide substrates, experiments were performed in the absence of a trapping strand and in the presence of either PNA or DNA trapping strand. Figure 4 illustrates the analysis of reaction products by 20% native polyacrylamide gel electrophoresis. A 30:15mer served as substrate, and the ssDNA product (30mer) was well resolved from the substrate on the gel. The ratio of substrate and product was determined by using a PhosphorImager, and the data are plotted in Figure 5 . Initially, conditions were chosen in which substrate (250 nM) was in excess of enzyme (1 nM), and the trapping strand (3 µM) was in the quench solution. Under these conditions, product formation was nonlinear, whereby ssDNA formed over the initial time frame of the reaction and reached a plateau when spontaneous hybridization of the product reached equilibrium with unwinding of substrate (14) . Because of this, little increase in product was observed after 60 s (Fig. 5, squares) . The addition of a DNA trapping strand (3 µM) in the reaction mixture led to less product formation in the initial linear phase than that observed in the absence of trapping strand, presumably due to binding of the helicase by the trap (Fig. 5B, circles) . Over time the product formation with a DNA trap exceeds the product formation in the absence of a trapping strand (Fig. 5A ). In the presence of the PNA trapping strand (3 µM), product formation was greater than in the absence of the trap or presence of DNA trap (Fig. 5, diamonds) . Unwinding in the presence of a PNA trap produced complete turnover of the substrate (Fig. 5A ). The unwinding rates in the presence of the PNA trap and the DNA trap were 1.43 nM s -1 and 0.30 nM s -1 , respectively, under these conditions. To ensure that strand separation in the presence of the PNA trap was not due to spontaneous melting of the substrate, a mock unwinding experiment with 3 µM PNA + 30:15mer was performed in the absence of Dda, and no strand-separation was observed (Fig. 4D) . Similarly, a control experiment with Dda + 30:15mer + 3 µM PNA in the absence of ATP resulted in no unwinding (data not shown).
Trapping efficiency at varying PNA concentrations
In order to determine the concentration range over which PNA could serve as an effective trap, unwinding assays were performed at varying PNA concentrations in the presence of 250 nM substrate and 1 nM Dda. The reactions were carried out in the presence of an equivalent, 0.4-, 4-, 12-, 24-and 36-fold (0.25, 0.1, 1, 3, 6 and 9 µM, respectively) molar excess concentration of PNA over 30:15mer (Fig. 6) . PNA concentrations from 1 to 9 µM serve as a trapping strand with similar efficiency under these conditions. For the linear phase, the unwinding rates at different PNA concentrations were 0.18, 0.99, 1.70, 1.43, 1.53 and 1.56 nM s -1 at 0.1, 0.25, 1, 3, 6 and 9 µM PNA, respectively. Thus, even though the lowest, effective concentration of PNA (1 µM) was only 4-fold greater than the concentration of substrate (250 nM), it was capable of serving as an efficient trap. The concentration of ssDNA product that exists at any time during the progress of the reaction is much lower than the total substrate concentration (Fig. 6) . At PNA concentrations equivalent to or below the concentration of substrate, complete product formation did not occur (Fig. 6B) . Reproducibility of the assay was determined by measuring unwinding rates at 250 nM substrate with 3 µM PNA in triplicate, resulting in an average unwinding rate of 1.34 nM s -1 and a standard deviation of 0.17 nM s -1 .
Determination of the kinetic constants for Dda catalyzed unwinding of 30:15mer under steady-state conditions
Unwinding assays under conditions in which the helicase concentration is in excess over the substrate concentration have been reported. If the substrate concentration is ∼1-2 nM, then a trapping strand need not be included in the reaction mixture because hybridization occurs very slowly (10) . Under steady-state conditions, unwinding is more difficult to measure, due to annealing of ssDNA during the unwinding reaction. Use of a PNA trap prevents hybridization of ssDNA without sequestering the helicase, making it possible to measure steady-state rates of unwinding. However, one of the strands is not trapped by PNA, and this strand can bind to the helicase leading to product inhibition. Product inhibition can be taken into account when developing complete kinetic mechanisms for DNA unwinding by measuring the affinity of Dda for the single-stranded product. To illustrate the utility of the PNA trapping strand, the apparent K m for ATP during Dda-catalyzed unwinding was measured. The rate of unwinding was measured as a function of ATP concentration at 500 nM 30:15mer and 1 nM Dda (Fig. 7) . The concentration of ATP required to reach one-half the maximum unwinding velocity under conditions of low salt (10 mM KOAc) was 92 ± 19 µM. This value is similar to the K m reported previously (130 µM) in which ATP hydrolysis served as the endpoint of the assay (28) . Subsequent unwinding assays were performed at a saturating concentration of ATP (5 mM). The PNA trapping strand concentration in the assay was 3 µM and the substrate concentration was varied. The apparent K m for 30:15mer was 208 ± 54 nM in the presence of 150 mM KOAc (Fig. 8) . At lower salt concentration (10 mM KOAc), the apparent K m for 30:15mer was 65 ± 9 nM, suggesting that the affinity of the enzyme for the substrate increases with lower salt concentrations (Fig. 8) . The V max of the reaction was slightly increased in the presence of low salt ( Fig. 8B ; Table 1 ). Presteady-state experiments will be required to evaluate the important steps in the kinetic mechanism that contribute to the observed steady-state parameters.
Fluorescence-based continuous assays have been used to study unwinding of dsDNA by Escherichia coli RecBCD helicase (29, 30) . The continuous assay measures the decrease in intrinsic fluorescence of SSB protein upon binding to ssDNA generated by helicase unwinding of duplex DNA. However, RecBCD is a highly processive helicase (28) , whereas Dda is a relatively non-processive helicase (14, 28) . Elucidating the detailed kinetic mechanism of unwinding of dsDNA substrates by Dda will require the application of both the pre-steady-state and steady-state experiments. Therefore, we sought to develop an assay that would utilize oligonucleotide substrates, yet be amenable to steady-state conditions.
PNA binds to DNA according to Watson-Crick base pairing rules; therefore, we used PNA as a trapping strand in steadystate unwinding assays with Dda. Including PNA in the reaction prevents reannealing of ssDNA products formed by the helicase. PNA hybridizes to its complementary sequence during the unwinding reaction. It is possible that the trapping strand may hybridize to partially unwound intermediates, thereby contributing to product formation. However, the fact that the same rates are observed at varying concentrations of PNA suggests that partially unwound intermediates are not trapped as products. Because Dda does not bind to PNA, the observed rates reflect the activity of the enzyme towards the substrate rather than the trapping strand. Using this assay we have determined apparent steady-state kinetic constants for Dda-catalyzed unwinding of a 30:15mer substrate. This is an important and necessary step in enumerating the overall kinetic mechanism for unwinding of DNA by this enzyme. Measurement of unwinding parameters in the steady state also forms the framework for designing pre-steady unwinding experiments that are currently in progress.
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